Background: Lactobacillus plantarum is an attractive candidate for metabolic engineering towards bioprocessing of lignocellulosic biomass to ethanol or polylactic acid, as its natural characteristics include high ethanol and acid tolerance and the ability to metabolize the two major polysaccharide constituents of lignocellulolytic biomass (pentoses and hexoses). We recently engineered L. plantarum via separate introduction of a potent cellulase and xylanase, thereby creating two different L. plantarum strains. We used these strains as a combined cell-consortium for synergistic degradation of cellulosic biomass. Results: To optimize enzymatic degradation, we applied the cell-consortium approach to assess the significance of enzyme localization by comparing three enzymatic paradigms prevalent in nature: (i) a secreted enzymes system, (ii) enzymes anchored to the bacterial cell surface and (iii) enzymes integrated into cellulosome complexes. The construction of the three paradigmatic systems involved the division of the production and organization of the enzymes and scaffold proteins into different strains of L. plantarum. The spatial differentiation of the components of the enzymatic systems alleviated the load on the cell machinery of the different bacterial strains. Active designer cellulosomes containing a xylanase and a cellulase were thus assembled on L. plantarum cells by co-culturing three distinct engineered strains of the bacterium: two helper strains for enzyme secretion and one producing only the anchored scaffoldin. Alternatively, the two enzymes were anchored separately to the cell wall. The secreted enzyme consortium appeared to have a slight advantage over the designer cellulosome system in degrading the hypochlorite pretreated wheat straw substrate, and both exhibited significantly higher levels of activity compared to the anchored enzyme consortium. However, the secreted enzymes appeared to be less stable than the enzymes integrated into designer cellulosomes, suggesting an advantage of the latter over longer time periods.
Background
In nature, the degradation of the plant cell wall is carried out by a variety of different cellulolytic microorganisms, by using cellulases and associated carbohydrate-active enzymes, such as xylanases and other glycoside hydrolases, carbohydrate esterases and polysaccharide lyases [1] . These enzymes are employed in various recognized paradigms [2] . In this context, the various enzymes may be 'freely' secreted, as abundant in aerobic fungi and bacteria [3] . Alternatively, the enzymes may be anchored to the cell surface [4] . In addition, the complement of enzymes may be integrated into highly efficient complexes called cellulosomes (produced by anaerobic bacteria) that are composed of numerous functional protein modules which interact with each other (via cohesin-dockerin interactions) and with the substrate (via carbohydrate-binding modules), in order to synergistically degrade lignocellulosic biomass.
These enzymatic paradigms have individually been the subject of extensive research and engineering to augment the action of natural systems in the intricate degradation of plant cell walls [5, 6] . Numerous attempts in transforming bacterial cells and fungi with cellulases or hemicellulases for their secretion have been described [7] [8] [9] . The display of cellulases on bacterial cell walls has also been reported in Escherichia coli and Bacillus subtilis [10] [11] [12] . In order to develop a consolidated bioprocessing organism, cellulases or xylanases have also been displayed on yeast cells [13] [14] [15] [16] [17] .
Formation of anchored cellulosome complexes on the cell wall has been studied as well in Saccharomyces cerevisiae [18] [19] [20] . Assembly of mini-cellulosomes was achieved either by incubating the yeast with purified dockerin-containing cellulases [18, 19] or by direct in vivo co-expression of the enzymes [20] . Subsequently, several authors succeeded in assembling cellulosome complexes either by incubating E. coli cells lysates containing the enzymes [21, 22] , or by cultivating a consortium of cells secreting the enzymes [23] . Cellulosome-inspired complexes were also grafted onto the cell surface of Lactococcus lactis [24] . Recently, another publication demonstrated that it is possible to use sortase enzymes to attach a mini-cellulosome to the surface of B. subtilis [25] . Secretion and assembly of cellulosomes in Clostridium acetobutylicum were also achieved [26] .
The lactobacilli are a group of bacteria with extensive industrial applications which include production of commodity chemicals, flavor compounds and vitamins [27] . Among the lactobacilli, L. plantarum possesses many singular advantages towards biomass deconstruction. In nature, this bacterium is prominent in plant biomass environments, and is frequently used in the food industry and agricultural applications. Its high acid tolerance renders it less sensitive to contamination, and offers a valuable advantage in biomass degradation, as some plant biomass pretreatments generate acidic conditions. Furthermore, L. plantarum is capable of utilizing both hexose and pentose sugars, thus potentially providing a natural platform for exploiting more of the biomass degradation products in favor of downstream commodity production. The concept of engineering L. plantarum to produce ethanol from plant biomass is very tempting as this bacterium possesses a high tolerance to ethanol (up to 13% (v/v)), under conditions of low pH (in the range 3.2 to 4) [28] . Altogether, this bacterium could represent a competitive alternative to other types of microbial systems (Clostridium thermocellum, S. cerevisiae or E. coli), engineered for this purpose [19, 29] . Likewise, L. plantarum is an appealing potential producer of other important biochemicals and biofuels, such as butanol, lactic acid (the precursor for polylactic acid) and other chemicals [27] , due to its inherent traits and its genetic and metabolic potential.
The L. plantarum genome contains 55 genes encoding for 18 glycoside hydrolases families [1] but none of them are strict cellulases or xylanases. We recently demonstrated that we could complement the set of enzymes of L. plantarum by introducing a potent cellulase and a potent xylanase, and obtain synergistic degradation of hypochlorite pretreated wheat straw by a consortium of two separate L. plantarum cells, engineered to secrete these enzymes [30] . In that study, we separated the expression of each enzyme by incorporating the genes for the cellulase and xylanase into different L. plantarum cells. By doing so, we decreased the burden of the cellular machinery of each strain, thereby maximizing its ability to grow, express and secrete each enzyme. Such spatial differentiation is a common strategy in nature when performing a certain metabolic process, thus allowing higher efficiency in a cell consortium as each cell is likely to have greater specialization [31] . Apart from using cell consortia to perform a complex metabolic task such as lignocellulose degradation, spatial differentiation could be harnessed to assemble large enzymatic complexes on cell walls by expressing each component from different cells. Such 'intercellular complementation' was originally employed for the formation of single-enzyme mini-cellulosomes in a B. subtilis host cell system [32] .
Using this approach, in the present article we have constructed functional designer cellulosomes on the cell surface of L. plantarum using 'designer cellulosome' technology to mimic the architecture of the cellulosome complexes and specifically control their enzyme composition [33] [34] [35] [36] [37] [38] [39] . In addition, we displayed the lignocellulolytic enzymes on the L. plantarum cell wall.
The cell-consortium approach was thus employed to assess the significance of enzyme localization in biomass deconstruction by comparing the three different enzymatic paradigms: (i) a secreted enzyme system, (ii) enzymes anchored to the bacterial cell surface and (iii) enzymes integrated into cellulosome complexes.
Results
The principles for the design of the three enzymatic paradigms examined in this study are presented in Figure 1 . In the secreted enzyme paradigm ( Figure 1A ), a cell consortium of two strains, each producing either a cellulase or a xylanase, was established. In the anchored enzyme paradigm ( Figure 1B) , the two strains anchor the same two enzymes individually on their respective cell surfaces. In the designer cellulosome paradigm ( Figure 1C) , the cell that anchors the scaffoldin on the cell wall integrates into the complex the two distinct enzymes produced by 'helper' strains.
Enzyme secretion by L. plantarum
For the first paradigm we used secretion of the cellulolytic enzymes by L. plantarum, which was the subject of a previous study [30] . Cellulase concentrations at OD 600 = 1 were estimated at 0.33 nM and 0.27 nM for the Lp1 (Leader peptide) and Lp2 secretion plasmids, respectively. For the xylanase these values were estimated at 2.7 nM and 3.3 nM, respectively ( Table 1) . As reported, the concentrations of the secreted enzymes in the different cultures were calculated by comparing the extracellular fraction to serial dilutions of purified enzymes, both by dot-blot analysis and by measuring reducing sugar formation on phosphoric acid-swollen cellulose (PASC) or xylan substrates. The concentrations, calculated by both methods, were similar for both enzymes, suggesting that the major portion of the secreted enzymes is functional and that the expression and secretion processes do not substantially affect their activity. The same method was used for calculating the concentrations of the other enzymes produced in the present study (anchored enzymes and secreted dockerin-containing enzymes) and for ensuring their full integrity (Additional file 1: Figure S1 , Additional file 2: Figure S2 , Additional file 3: Figure S3 and Additional file 4: Figure S4 ).
Enzyme anchoring by L. plantarum
The second paradigm consisted of anchoring the cellulolytic enzymes to the cell wall of L. plantarum. The presence of anchored enzymes on the cells was observed by Figure 1 Schematic representation of the three enzymatic paradigms examined in this study. A. Coculture of two L. plantarum strains secreting the Cel6A cellulase and the Xyn11A xylanase. B. Coculture of two respective L. plantarum strains producing the Cel6A cellulase and the Xyn11A xylanase anchored to the bacterial cell wall. C. Coculture of two respective L. plantarum strains secreting the dockerin-containing 6A-t cellulase and 11A-a xylanase and an additional strain producing the Scaf · AT scaffoldin on the bacterial cell wall, resulting in the formation of the designer cellulosomes on the latter cell. The enzymes (arrows) and scaffoldin components are color-coded according to that of the parent cell. CBM -carbohydrate binding module. dot-blot assay using specific antibodies against each enzyme (Additional file 3: Figure S3 and Additional file 4: Figure S4 ). The enzymes were visible on the cells carrying the cell wall anchoring (cwa) plasmids cwa1, cwa2 and cwa3. No enzymes were detected on the cells of strains carrying the expression plasmid lacking the anchoring signal (Additional file 3: Figure S3 and Additional file 4: Figure S4 ). The cellulase concentrations at OD 600 = 1 were estimated at 0.133 nM for the cwa1 and cwa2 anchoring plasmids (Additional file 3: Figure S3 ), and could not be detected for the strain carrying the cwa3 plasmid (Table 1) . For the xylanase, these values were estimated at 0.08, 0.06 and 0.03 nM for the cwa1-, cwa2-and cwa3-carrying strains, respectively (Additional file 4: Figure S4 and Table 1 ).
Designer cellulosome assembly on L. plantarum cells
In order to assemble designer cellulosomes on the cell surface of L. plantarum we first focused our endeavors on the construction and anchoring of the scaffoldin, the architectural module of the cellulosomes, and subsequently on the design and secretion of two matching cellulosomal enzymes.
Active scaffoldin expression by L. plantarum
In order to assemble the simplest type of designer cellulosome involving only two enzymes (in this case a cellulase and a xylanase), chimeric Scaf · AT was designed to bear two different cohesins and a cellulose-binding carbohydrate binding module (CBM), where A represents an Acetivibrio cellulolyticus cohesin, and T, a C. thermocellum cohesin. The latter cohesins interact specifically with their dockerin-bearing enzyme counterparts, which ensures that each scaffoldin will bind one molecule of each enzyme. This arrangement enables the precise control of the stoichiometry and enzyme organization on the scaffoldin. This particular scaffoldin was initially produced in E. coli and its cohesin specificities for the chimeric dockerin-bearing enzymes were examined semi-quantitatively by a sensitive enzyme-linked affinity assay in microtiter plates [40] . Both cohesins specifically bound their respective dockerins and did not bind other, non-matching dockerin-bearing molecules (data not shown). After verifying the specificity characteristics, the scaffoldin was then expressed and anchored to the cell wall of L. plantarum using three different lengths of anchor signals, cwa1, cwa2 and cwa3 [41] . The presence of the scaffoldin on the cell surface was assessed by dot-blot assay using a specific antibody against the CBM (Additional file 5: Figure S5 ). The number of scaffoldins on the cells was calculated using whole-cell ELISA, by comparing the intensity to known concentrations of the pure recombinant Scaf · AT (Figure 2A ). The molarities of the scaffoldin on the cells in cwa1 and cwa2 were determined at 1 and 1.63 nM, respectively (Table 1) .
When grown on Lactobacillus-MRS bacterial growth medium, the cells harboring the scaffoldin failed to bind to cellulose on a regenerated cellulose-coated slide, suggesting the presence of a binding-inhibitory component within the MRS. Therefore, the effect of each component of the MRS medium was evaluated for its possible inhibitory effect on the pure recombinant Scaf · AT to bind to cellulose (Additional file 6: Figure S6 ). It was observed that both the presence of polysorbate 80 (Tween 80) and proteose peptone diminished the ability of the CBM to bind to cellulose. Thus, we omitted them from the medium and measured the bacterial growth and attachment to cellulose in their absence. The absence of proteose peptone from the medium had no effect on bacterial growth, whereas the generation time was reduced without Tween 80 (Additional file 7: Figure S7 ). Furthermore, the cells expressing the scaffoldin recovered the ability to bind to cellulose, when grown in the medium without proteose peptone ( Figure 2B ), which was selected for further experiments. The scaffoldinexpressing strains with the three different cell wall anchors were examined for their ability to attach to cellulose. The strain harboring the cwa2 plasmid exhibited higher affinity to cellulose than the strains harboring cwa1 and cwa3 ( Figure 2B ) and therefore was selected for further experiments. We further validated the attachment via the scaffoldin of these induced bacterial cells to hypochlorite pretreated wheat straw fibers by scanning electron microscopy. This analysis revealed that the cwa2 scaffoldin-expressing cells attached readily to the plant fiber as opposed to the wild-type strain which failed to attach ( Figure 3 ).
The functionality of the displayed scaffoldin was then assayed. We validated the ability of the scaffoldin to co-localize two different dockerin-containing proteins by using a reporter system composed of fluorescent proteins fused to dockerin modules. Localization and activity of the cohesin sites on the scaffoldin were assessed by fluorescent labeling of the transformed L. plantarum cells, using two different dockerin-containing fluorophores -mVenus yellow fluorescent protein (YFP) containing an A. cellulolyticus dockerin and mCerulean cyan fluorescent protein (CFP) containing a C. thermocellum dockerin. As shown in Figure 4 , while no fluorescence was observed on the wild-type bacteria, in the transformed L. plantarum cells, the two reporter proteins were co-localized on the bacterial cells, thus demonstrating that the cohesins on the scaffoldin displayed on the bacterial cell wall are both active and that the attachment of two different cellulolytic enzymes is feasible.
Design and expression of cellulosomal enzymes by L. plantarum
After validating the functionality and attachment of the scaffoldin on the cell wall, we continued to construct the matching cellulosomal enzymes. We used two potent cellulolytic enzymes selected from Thermobifida fusca: cellulase Cel6A and xylanase Xyn11A, previously used in designer cellulosomes [36, 38, 42] and successfully secreted in L. plantarum [30] . Each enzyme was fused to a dockerin of divergent specificity to match the chimeric scaffoldin. The chimeric cellulase, 6A-t was designed to contain a dockerin derived from the C. thermocellum xylanase Xyn10Z at the C-terminus of the catalytic module, replacing the original cellulose-binding CBM [43] . In chimaera 11A-a, an alternative dockerin from A. cellulolyticus was appended at the C-terminus of the original Xyn11A, whereby the original catalytic module and the essential cellulose and xylan-binding CBM were both retained [36] .
In order to ease the burden on a single expressing strain, we used a biomimicry approach in which the dockerin-containing enzymes are expressed and secreted from helper strains to act as a cell consortium. These enzymes were expressed in L. plantarum strains using Lp1 and Lp2 secretion plasmids [30, 44] . The presence of the secreted enzymes in culture supernatant was observed by Western blotting using specific antibodies against each enzyme (Additional file 8: Figure S8 ). The enzymes were visible in the extracellular fraction of the strains carrying the Lp1 and Lp2 secretion plasmids, and the observed bands corresponded well to their theoretical masses. Culture supernatants of secreting strains were able to degrade PASC (endoglucanase 6A-t) or xylan (xylanase 11A-a) substrates. These activities were used to determine the molarities of the enzymes in the cultures by comparing them to those of pure recombinant enzymes (Additional file 1: Figure S1 and Additional file 2: Figure  S2 ). The molarities were determined at 0.25 and 0.22 nM for endoglucanase 6A-t in Lp1 and Lp2, respectively; and 2.5 and 1.7 nM for xylanase 11A-a in Lp1 and Lp2, respectively (Table 1) . No extracellular enzymes were detected by Western blotting in the supernatant fluids of strains carrying the expression plasmid lacking the secretion peptide. Additionally, supernatant fractions of cultures expressing the respective enzymes intracellularly exhibited negligible hydrolytic activity on those substrates, validating that the activity of the secreting strains is due to extracellular enzymes only.
Functionality of the designer cellulosome paradigm
After validating the activity of each of the cellulosomal components separately, we examined the functionality of the overall complex anchored to the bacterial cell wall. Following our cell-consortium design, we used a secreting strain for each of the enzymes, each of which was designed to dock onto the cell wall-anchored scaffoldin using divergent cohesin-dockerin interactions (Figure 1 ). The activity of the fully assembled designer cellulosomes was measured on a hypochlorite pretreated wheat-straw substrate after eliminating the excess secreted enzymes in the supernatant fraction. This assay provided evidence for the functionality of the cell wall-anchored designer cellulosomes ( Figure 5A , orange bars).
As a negative control for designer cellulosome formation, the strains transformed with the control plasmids (No-Lp) containing the enzymes, were also co-cultured either with the strain containing the anchored scaffoldin (cwa2) or the scaffoldin expressed internally (No-cwa), and assayed for xylan, cellulose and hypochlorite pretreated wheat straw degradation. These controls exhibited negligible enzymatic activity (Additional file 9: Figure S9 ), indicating that the activities detected above reflect properly secreted enzymes and do not originate from cell lysis, and that the designer cellulosomes were assembled on the cell surface.
Activity of the enzymatic paradigms
Comparison of hypochlorite pretreated wheat straw degradation by single enzymes expressed by L. plantarum
We first measured the activity of individual enzymes belonging to the three different paradigms, secreted (with or without dockerin), anchored directly to the cell wall or attached to the cell wall-anchored scaffoldin. Secreted single cellulases with or without dockerin modules had enhanced enzymatic activity on hypochlorite pretreated wheat straw compared to their anchored counterparts ( Figure 5A ). The secreted xylanase containing the dockerin module was the most efficient xylanase in hypochlorite pretreated wheat straw degradation, whereas the secreted xylanase or the enzyme bound to the scaffoldin were slightly less efficient, and the anchored enzyme was about 7-fold less efficient ( Figure 5A ).
After measuring the activity of the different enzymatic strategies we assayed their ability to retain activity over time. The xylanases retained their activity at 37°C in all the examined expression strategies whereas differences were noted among the cellulases ( Table 2 ). The cellulases anchored either directly to cell wall or via the scaffoldin maintained higher activity levels after 24 hours of incubation at 37°C than the secreted ones ( Table 2) .
Hypochlorite pretreated wheat straw degradation by dual enzyme systems
The secreted enzyme consortium exhibited the highest enzymatic activity of hypochlorite pretreated wheat straw degradation, while the anchored enzyme consortium had the lowest enzymatic activity; about 8-fold less than the secreted enzyme consortium. The designer cellulosomes containing the scaffoldin had slightly reduced activity compared to the secreting consortium ( Figure 5A ). The secreted dockerin-containing enzymes (without the strain carrying the scaffoldin) were slightly less active compared to the designer cellulosomes, indicating the advantage of placing the two enzymes in close proximity via the chimeric scaffoldin. Comparative enzymatic activity of secreted or anchored cellulases and xylanases either individually or in a cell consortium. The concentration of hypochlorite pretreated wheat straw (dry matter) in the reactions was 40 g/l, and enzymes (either secreted or anchored) were added at 5 nM. Enzymatic activity is defined as mM soluble reducing sugars following a 24-hour reaction period at 37°C and pH 5. Each reaction was performed in triplicate and standard deviations are indicated. B. Kinetics studies of hypochlorite pretreated wheat straw hydrolysis by the secreted enzymatic consortium (squares) versus the designer cellulosome (diamonds) or the anchored enzymatic consortium (triangles). The concentration of hypochlorite pretreated wheat straw (dry matter) in the reactions was 40 g/l, and enzymatic consortium was added at 5 nM. Enzymatic activity is defined as mM soluble reducing sugars following a 3, 6, 24, 48, 72 or 96-hour reaction period at 37°C and pH 5. Each reaction was performed in triplicate and standard deviations are indicated. C. Soluble sugar production in mM as determined by HPLC analysis following digestion of hypochlorite pretreated wheat straw over a 24, 48, 72 or 96-hour incubation period by the designated cell consortium. Glucose, xylose, arabinose and cellotriose were not detected. The complexity of the substrate may vary the enzymatic rates of degradation over time. Thus, we measured the kinetics of substrate degradation by the three different paradigms ( Figure 5B ). Our examination exhibited the typical biphasic slopes resulting from the degradation of swollen and crystalline parts of the insoluble substrate [45, 46] for the three enzymatic paradigms. The designer cellulosome and the secreting consortia were far more efficient than the anchoring consortium throughout the time range of the experiment. In the short term (3 hours), the secreting consortium was about 2-fold more efficient than the designer cellulosomes. Afterwards, the sugar production rate of the designer cellulosomes increased significantly, and the difference between the designer cellulosomes and the secreting consortium decreased as incubation time was prolonged, until similar levels of released soluble sugars were finally reached (96 hours). This phenomenon can be linked to the difference in retention of enzymatic activity, whereby the enzymes bound to the scaffoldin appear more stable than those secreted in the medium.
The analysis of the degradation products revealed that designer cellulosomes and the secreting consortium produced xylotriose, xylobiose and cellobiose ( Figure 5C ) whereas only cellobiose and very low levels of xylobiose were detected in the anchored consortium. The amount of released cellobiose remained stable or slightly increased over time, while the amount of xylotriose and xylobiose, products of xylanase activity, increased gradually over time for the secreting and designer cellulosome consortia.
Discussion
L. plantarum can be considered a prospective organism of choice for bioprocessing of plant biomass, as it can lead to the production of valuable products such as bioethanol or polylactic acid [47, 48] . Thus, we previously complemented it with the capacity for fibrolytic activity via secretion of a cellulase and xylanase, using a cellconsortium approach. Here we extended this approach by anchoring the two enzymes to the cell walls of L. plantarum strains and in parallel provided an alternative strategy by constructing a simple but functional cellulosome complex assembled in vivo on the cell surface of L. plantarum, significant steps towards the realization of consolidated bioprocessing (CBP) of plant biomass [49] . The choice of this particular bacterial platform to serve as a biorefinery industrial organism was also motivated by the fact that providing it with cellulolytic activities would not involve interference with the cell metabolism.
In order to construct the cellulosomal complexes we adopted a cell-consortium approach whereby each L. plantarum strain expresses an individual cellulosomal component, similar to the approach pursued for the consortia of single enzyme expressing cells (secreted or anchored). Using this simple approach, each L. plantarum strain has an identical genome, except for the expressed enzyme (or scaffoldin). Therefore an essentially homogeneous culture of the same bacteria with a variety of functions is obtained, while each individual strain has a decreased load on its cellular machineries. In nature this type of spatial differentiation strategy is very common in the prokaryotic world where different cells collaborate to perform a unified task from which they all benefit [31] . In the rumen microbial ecosystem an assortment of microbial species expressing different enzymatic functions act in harmony for the direct degradation of the complex fiber substrate. Moreover, the use of hydrogen by methanogenic archaea reduces the concentration of that inhibitory product and contributes to enhance fiber degradation by hydrogen-producing cellulolytic bacteria [50] . By mimicking nature, we compared the three highly prevalent cellulolytic strategies of enzyme localization.
In the cellulosome paradigm, we were successful in providing L. plantarum with cellulose attachment abilities via the CBM module on its cell wall-anchored scaffoldin. Nevertheless, a relatively low cellulose-binding ability (approximately 30%) of the bacterium transformed with the scaffoldin was observed, as compared to the reported C. thermocellum adherence to microcrystalline cellulose (approximately 70 to 80%) [51] and to E. coli expressing a CBM at its cell surface [52] . This may be attributed to a relatively low concentration of the scaffoldin on the bacterial cell wall. Furthermore, lower concentrations of both enzymes were measured on the bacterial cell wall in the anchored paradigm as compared to their secreted counterparts. In this context it was reported that in yeasts, challenges remain regarding the amount of protein that can be displayed on the yeast surface without destabilizing the cell [21, 22, 53] . Those authors developed different strategies using cellulosome-like architectures to augment the number of enzymes on the cell surface. Alternatively, accessibility of the scaffoldin-borne CBM may be limited. This possibility may be rectified by use of a protracted linker segment in the scaffoldin that would further distance the functional modules (CBM, cohesins) from the bacterial cell surface. Another alternative would be to employ a scaffoldin with the CBM at the N-terminus of the molecule, which could supply it with increased steric freedom for interaction with the substrate.
The secreting consortium and the designer-cellulosome consortium exhibited similar levels of substrate degradation activity for both enzymes ( Figure 5C ). Secreted enzymes had a slight advantage over the designer cellulosome complexes in degrading the hypochlorite pretreated wheat straw substrate. However, the individual secreted enzyme activities (Table 2 ) decreased with incubation time whereas the activities of the enzymes bound to the designer cellulosomes remained constant, suggesting an advantage of the latter over time. In addition, enzyme adsorption to lignin may be more crucial in free enzymes, as it was recently demonstrated that cell wall-anchored enzymes are less subjected to irreversible lignin adsorption than secreted enzymes [15] . Likewise, the replacement of the original CBM by a dockerin in the T. fusca cellulase could also reduce cellulase adsorption by lignin as it was demonstrated that removal of the CBM in a cellulase resulted in an enhancement of degradation of lignin-containing substrates, by avoiding the unproductive binding of the cellulase to lignin [54] .
The single anchored enzymes exhibited significantly lower levels of enzymatic activity as compared to the other enzymatic paradigms, particularly the xylanase. This may be a function of allosteric hindrance due to the proximity of the enzymes to the bacterial cell. In designer cellulosomes the scaffoldin increases the distance from the cell, and while this restored the activity of the xylanase, the same is not true for the cellulase ( Figure 5A ). Attachment of the cellulase to the cell surface, either by anchoring it to the cell wall or by attaching it to the scaffoldin, diminished its activity. However, combining the cellulase and xylanase on the scaffoldin resulted in a synergistic effect, similar to what we previously observed for the secreting consortium [30] . This effect was not apparent in the anchoring consortium, suggesting a proximity effect that could account for the observed synergism. The major difference between designer cellulosomes and the anchoring cell consortium is that these two simple enzymes are either in close proximity on the same bacterial cell in the case of the former, or anchored to two different bacterial cell populations in the latter strategy. This distinction appears to be of great importance in terms of enzymatic activity. In this respect, enzymes on designer cellulosomes are similar to secreted enzymes, which could also be in close contact. This enables the cellulase accessibility to cellulose exposed by the action of the adjacent xylanase.
The designer cellulosome paradigm embodies advantages of both the secreted and the anchored paradigms. It allows for close proximity of different enzymes while keeping the enzymes, and therefore their products as well, within immediate range of the cell itself. Moreover it enables us to specifically control the stoichiometry of the enzymes and their organization on the cell surface. Employment of a same-cell consortium (a single bacterial species; in this work, L. plantarum) for production of different cellulosome elements reduces the burden of protein production, secretion and anchoring for the bacterium. At the same time it ensures that all community members will react to medium components similarlyin this case benefit from the products released into the medium by the enzymatic activity, and be more resistant to downstream bioprocessing products such as ethanol or polylactic acid.
Conclusions
As opposed to other bacteria, in which designer cellulosomes or glycoside hydrolases have been displayed or secreted (such as E. coli or B. subtilis), L. plantarum is an acknowledged 'generally regarded as safe' (GRAS) bacterium with a large variety of both proven and potential industrial applications. Further improvement of L. plantarum as a lignocellulolytic bacterium could therefore lead to optimal biomass bioprocessing schemes, appropriate for immediate industrial acceptance.
In using a cell-consortium approach for this type of study we are essentially mimicking nature, since similar phenomena are occurring whereby different bacterial cells in a given ecosystem produce enzymes with distinct complementary specificities, which contribute to the overall welfare of the community. The biomimicry approach, based on specified cell consortia, allows for stoichiometric control and spatial optimization of the different expressed components. These cell consortia may thus be more amenable for consolidated bioprocessing strategies than a single organism, especially for cellulose breakdown with respect to potential production of subsequent chemical commodities [31] . Such a spatial differentiation approach via dedicated cell consortia may thus become the method of choice for deployment of metabolic engineering for complex bioprocessing efforts.
Materials and methods

Cloning
Wild-type enzymes Cel6A and Xyn11A were cloned from T. fusca genomic DNA as described previously [36, 55] . The enzyme constructs in pET28a were designed to contain a His-tag for subsequent purification.
For expression and secretion in L. plantarum, the glycoside hydrolases were cloned in the modular secretion plasmids pLp_2145sAmy and pLp_3050sAmy [44] (Lp1 and Lp2, respectively) by replacing the amylase gene in these plasmids by an appropriately amplified gene fragment, using either SalI or XhoI (SalI is compatible with XhoI) and HindIII restriction sites as described previously [30] .
For anchoring to the cell wall of L. plantarum, the glycoside hydrolases were cloned into the modular pLp_0373sOFA anchoring plasmids (cell wall anchored 1, 2 and 3: cwa1, cwa2 and cwa3, respectively) [41] . The Cel6A encoding gene was amplified using 5'-atatatCTCGAGgcatcccccagacctcttcgcg-3' and 5'-atatatACGCGTctc caggctggcggcgcagg-3' primers (XhoI and MluI sites in capital letters), and the Xyn11A gene were amplified using 5'-accgatGTCGACgccgtgacctccaacgagac-3' and 5'-actgatGC GCGCgttggcgctgcaggacaccg-3' primers (SalI and BssHII sites in capital letters). The genes were ligated into the anchoring plasmids pLp_0373sOFAcwa1, pLp_0373sOFA cwa2 and pLp_0373sOFAcwa3.
Dockerin-containing chimaeras, 6A-t and 11A-a, and the recombinant scaffoldin Scaf · AT were cloned in pET28a (Novagen Inc., Madison, United States) with a His-tag as described previously [36, 43] . The chimeric cellulase, 6A-t, was amplified from p6A-t using 5'-tgaatCTCGAGgccaatgattctccgttctac-3' and 5'-tatctAAGCTTttatccggggaactctgtaa-3' primers (XhoI and HindIII sites in capital letters) and ligated into the Lp1 and Lp2 secretion plasmids. The chimeric xylanase 11A-a was cloned using 5'-tagtaGTCGACgccgtgacctccaacgagac-3' and 5'-attacAAGCTTttattcttc tttctcttcaac-3' primers (SalI and HindIII sites in capital letters), and ligated into the secretion plasmids Lp1 and Lp2.
The chimeric scaffoldin, Scaf · AT was cloned from the pScaf · AT using the forward primer 5'-tagtaGTCGAC gatttacaggttgacattgg-3' and reverse primer 5'-attacAC GCGTtatatctccaacatttactc-3' (SalI and MluI sites in capital letters, New England Biolabs Inc., Massachusetts, United States) and inserted (T4 DNA ligase: Fermentas UAB, Vilnius, Lithuania) in the pLp_0373sOFA anchoring plasmids [41] .
The scaffoldin, the wild-type enzymes and the chimeric enzymes were also cloned into pSIP407 plasmid (referred to as No-Lp or No-cwa) [56] for control of intracellular expression (non-secreted and not directed to the cell wall), using the above listed primers but with NcoI and XhoI as restrictions sites. In the case of 11A-a, BspHI was used instead of NcoI, which cleaves in this DNA (BspHI is compatible with NcoI). PCR reactions were performed using Phusion High Fidelity DNA polymerase F530-S (New England Biolabs, Inc), and DNA samples were purified using a HiYield™ Gel/PCR Fragments Extraction Kit (Real Biotech Corporation, RBC, Taipei, Taiwan). mCerulean cyan fluorescent protein (CFP) was cloned using 5'-acggccCCATGGtgagcaagggcgaggagc-3' and 5'-cggatcGGTACCaacttgtacagctcgtccatg-3' primers (NcoI and KpnI sites in capital letters) and ligated to the dockerin Z of C. thermocellum amplified using 5'-cattagGG TACCtgaaagcagttccacaggtc-3' and 5'-aatcatCTCGAGtcc ggggaactctgtaataatg-3' primers (KpnI and XhoI sites in capital letters) and to the linearized form of pET28a plasmid to form pCFP-t. mVenus yellow fluorescent protein (YFP) was amplified using 5'-attccgCCATGGGCcatcaccatcaccatcacgtgagcaagggcgaggag-3' and 5'-atgcctGGTACCcttgtacagctcgtc cat-3' (NcoI and KpnI sites in capital letters) primer pair and ligated to the ScaA dockerin from A. cellulolyticus cloned using 5'-ttacaaGGTACCaaatttatatatggtgatgt-3' and 5'-aatgtGAGCTCttattcttctttctcttcaa-3' (KpnI and SacI sites in capital letters) primers and to the linearized form of pET28a plasmid to form pYFP-a.
Competent E. coli XL1 competent cells were used for transformation with the pET28a plasmids whereas L. plantarum plasmids were transformed in E. coli TG1 competent cells (Lucigen Corporation, Wisconsin, United States). Antibiotics used for positive clone selection and added in the medium were used at concentrations of 50 mg/ml kanamycin sulfate (Sigma Chem. Co, Missouri, United States) and 200 μg/ml erythromycin (Sigma Chem. Co, Missouri, United States) for E. coli and L. plantarum plasmids, respectively.
Recombinant protein expression and purification
Wild-type enzymes (Cel6A and Xyn11A), dockerincontaining chimaeras, (6A-t and 11A-a) and the recombinant scaffoldins Scaf · AT were prepared as described previously [36, 43] . Briefly, the plasmids pCel6A, pXyn11A, p6A-t, p11A-a and pScaf · AT were expressed in E. coli BL21 (lDE3) pLysS cells and the His-tagged proteins were purified on a Ni-NTA column (Qiagen, Hilden, Germany), as reported earlier [42] . The purity of the recombinant proteins was tested by SDS-PAGE on 10% acrylamide gels and the fractions containing the pure recombinant protein were pooled and concentrated using Amicon centrifugal filters (Millipore, Molsheim, France). Protein concentration was estimated by absorbance (280 nm) based on the known amino acid composition of the protein using the Protparam tool [57] . Proteins were stored in 50% (v/v) glycerol at −20°C.
Protein expression in L. plantarum
The electroporation of electro-competent L. plantarum WCFS1 was conducted according to the protocol by Aukrust and Blom [58] . Freshly inoculated cultures of L. plantarum WCFS1 harboring a pSIP-derived expression plasmid were induced at OD 600 = 0.3 by adding the inducing peptide for sakacin P production (Caslo Laboratory, Lyngby, Denmark) [59] to a final concentration of 25 ng/ml and grown for 3 hours at 37°C (in MRS at 37°C, 10 μg/ml erythromycin). For co-culture experiments, strains producing either the cellulase or the xylanase, respectively, were mixed at stoichiometric ratios and then grown and induced in the same manner. For the designer cellulosome strategy, the MRS broth without proteose peptone was used and supplemented with 40 mM CaCl 2 . A consortium of bacteria producing the different proteins (the cellulase, the xylanase and the scaffoldin) were mixed at stoichiometric ratios and induced as described above.
Western blotting
Proteins from the culture supernatants were separated on PAGE-SDS gel 10% acrylamide and transferred to a nitrocellulose membrane using Trans-Blot® Cell Mini (Bio-Rad Laboratories Ltd, California, United States). The membrane was then treated as described earlier [30] .
Affinity-based ELISA
The matching fusion-protein procedure of Barak et al. [40] was followed to determine cohesin-dockerin specificity of interaction for recombinant 11A-a and 6A-t and Scaf · AT.
Whole-cell ELISA
MaxiSorp ELISA plates (Nunc A/S, Roskilde, Denmark) were coated with a suspension of whole bacterial cells (OD 600 = 0.1 or increasing concentrations of the recombinant Scaf · AT (0.01 to 500 nM), in 0.1 M sodium carbonate coating buffer, pH9, for 1 hour at 37°C. The following steps were performed at 37°C with all reagents at a volume of 100 μl/well. The coating solution was discarded and blocking buffer (TBS (Tris buffer saline composed of Tris 3 g/l, NaCl 8 g/l, KCl 0.2 g/l adjusted to pH 7.4), 10 mM CaCl 2 , 0.05% Tween 20, 2% BSA) was added (1 hour incubation). The blocking buffer was discarded, and the primary antibody preparation (rabbit anti-CBM, diluted 1:3000 in blocking buffer) was added. After a 1-hour incubation period, the plates were washed three times with washing buffer (TBS, 10 mM CaCl 2 , 0.05% Tween 20) , and the secondary antibody preparation (horseradish peroxidase (HRP) -labeled anti-rabbit antibody diluted 1:10,000 in blocking buffer) was added and incubated for 1 hour. The plates were again washed (four times) with washing buffer and 100 μl/ well 3,3' ,5,5'-Tetramethylbenzidine (TMB) + SubstrateChromogen (Dako, Glostrup Denmark) was added. Color formation was terminated upon addition of 50 μl 1 M H 2 SO 4 in each well, and the absorbance was measured at 450 nm using a microplate reader.
Cellulose adherence assay
Induced cultures of Scaf · AT (in cwa1, cwa2, cwa3 or No-cwa) (1 ml of OD 600 = 1) were washed and resuspended in 100 μl of TBS. Volumes of 2 μl of each culture and the recombinant Scaf · AT were applied to a regenerated cellulose-coated slide (Advanced Microdevices Pvt, Ambala Cantt, India). To examine the effect of MRS components on the ability of the recombinant Scaf · AT scaffoldin to bind to the cellulose-coated slide, 0.5 mg/ml of the scaffoldin was subjected to 1-hour interaction at room temperature with each component concentrated as in Lactobacillus-MRS bacterial growth medium in a volume of 1 ml. Similarly, 2 μl of each solution was applied to the cellulose-coated slide. The slides were then treated as described above in the dot-blot assay section.
Scanning electronic microscopy
After binding interaction with induced cultures of Scaf · AT (cwa2) or the wild-type strain, the hypochlorite pretreated wheat straw was washed rapidly in CaCo 0.1 M buffer, and the bacterial cells were then fixed with 3% paraformaldehyde and 2% glutaraldehyde in CaCo 0.1 M overnight at 4°C. The cells were washed with CaCo 0.1 M buffer and then several times with double-distilled water (ddw) and dehydrated in increasing concentrations of ethanol (30, 50, 70 , 96 and 100%). The samples were then critical point dried in BAL-TEC CPD 030 and sputtered in gold palladium sputter coater (Edwards, Bolton, United Kingdom). The samples were then visualized using a secondary electron (SE) detector in a highresolution Ultra 55 SEM (Carl Zeiss Microscopy GmbH, Oberkochen, Germany).
Confocal fluorescence microscopy
A volume of 10 ml induced cultures (OD 600 = 1) was centrifuged for 2 minutes at 4,500 g. The cells were washed quickly in TBS and fixed with paraformaldehyde (SigmaAldrich, Missouri, United States) diluted to 4% in TBS for 20 minutes. The cells were then washed and centrifuged for 2 minutes at 4,500 g, three times with TBS and once in TBS containing 1% Triton X-100 (SigmaAldrich, Missouri, United States). The cells were then re-suspended in 5% BSA diluted in TBS for blocking and dockerin-bearing fluorophores (t-CFP and YFP-a) were added in large excess. After a 1.5-hour interaction at room temperature, the cells were washed three times with TBS and mounted on slides with SlowFade® Gold anti-fade reagent (Life technologies, New York, United States) and 1.5% agarose. All microscopic observations and image acquisitions were performed with an Olympus IX-81 laser scanning confocal microscope (FV 500, Olympus Optical Co., Tokyo, Japan) equipped with an argon-ion laser (Showa Optronics Co. Ltd., Tokyo, Japan) and UPlanSApo 60 × 1.35 N.A oil objective (Olympus, Tokyo, Japan) . To observe CFP we used the 458 nm line for excitation and the BA480-495 emission filter. To observe YFP, we used 515 nm for excitation and the BA535-565 emission filter. For CFP and YFP detection, we used dichroic mirror (DM) 458/515. In all cases, where more than one color was monitored, sequential acquisition was performed. Transmitted light images were obtained using Nomarski differential interference contrast (DIC) microscopy (Olympus, Tokyo, Japan). The magnification can be increased by zooming the scanning laser beam on a smaller area of the object.
Dot-blot assay
Induced cultures of 6A-t, 11A-a (both in Lp1, Lp2 or NoLp) and Cel6A, Xyn11A and Scaf · AT (in cwa1, cwa2, cwa3 or No-cwa) were blotted (5 μl) on a Whatman Protean nitrocellulose membrane for blotting (Sigma-Aldrich, Missouri, United States). Non-specific protein interactions were blocked with 5% BSA (prepared in TBSTween 20, TBS-T) for 1 hour. The membrane was then rinsed twice with TBS-T for 1 minute. Rabbit antibody against either 6A-t, 11A-a or the CBM of Scaf · AT at dilutions of 1:2500 or 1:3000, were incubated with the membrane for 1 hour in TBS-T 1% BSA. The membrane was then rinsed twice with TBS-T for 1 minute. Secondary HRP-conjugated mouse anti-rabbit antibody, at a dilution of 1:10000 was subjected to a 1-hour interaction. The membrane was rinsed as described above and then rinsed twice with TBS + 1% Triton X-100 for 30 minutes. Blots were developed by incubating the membrane for 1 minute with equal amounts of solutions A and B of Enhanced chemiluminescence (ECL) (Ornat, Rehovot, Israel). Chemiluminescence was quantified using a luminescent image analyser, ImageQuant LAS 4000 Mini (Danyel Biotech, Rehovot, Israel).
Activity assay
All assays were performed in triplicate. Enzymatic activity was determined quantitatively by measuring the soluble-reducing sugars released from the polysaccharide substrates by the dinitrosalicylic acid (DNS) method [60, 61] . DNS solution (150 μl) was added to 100 μl of sample, and after boiling the reaction mixture for 10 minutes, absorbance at 540 nm was measured. Sugar concentrations were determined using a glucose standard curve.
Prior to the enzymatic assays, culture supernatants (for secretion plasmids) were dialyzed in TBS containing 10 mM CaCl 2 and cells (for anchoring plasmids) were washed with the same buffer by centrifugation resuspension to eliminate the sugars present in the MRS medium (that would interact with the DNS reagent).
PASC (phosphoric acid swollen cellulose) degradation was assayed with recombinant Cel6A and 6A-t varying from 0 to 100 nM or 30 μl of concentrated supernatants of the cellulase expressing strains (Lp1, Lp2 or No-Lp) in a final volume of 200 μl (150 μl PASC (7.5 g/l), 50 mM acetate buffer pH 5.0). The suspensions were incubated at 37°C for 18 hours, and the reactions were terminated by immersing the sample tubes in ice water, before being centrifuged for 2 minutes at 14000 rpm to remove the substrate.
Xylanase assay mixture consisted of 100 μl buffer (50 mM citrate buffer pH 6.0, 12 mM CaCl 2 , 2 mM Ethylenediaminetetraacetic acid (EDTA) with recombinant Xyn11A and 11A-a (0 to 5 nM) or 30 μl of dialyzed supernatants of the xylanase expressing strains, Lp1, Lp2 or No-Lp. The reaction was commenced by adding 100 μl of 2% beechwood xylan (Sigma-Aldrich, Missouri, United States), suspended in 50 mM citrate buffer, pH 6.0, and the reaction was continued for 2 hours at 37°C. The reaction was stopped by transferring the tubes to an ice water bath and the tubes were centrifuged for 2 minutes at 14000 rpm.
Wheat straw (0.2 to 0.8 mm) (Valagro, Poitiers, France) was washed with deionized water as described previously [35, 62] and subjected to sodium hypochlorite treatment at a concentration of 12% at room temperature for 1 hour [63] . This pretreatment served to reduce the lignin content while preserving the cellulose and hemicellulose fractions in order to promote enzymatic degradation. The chemical composition of the pretreated wheat straw was 63% cellulose, 31% hemicellulose, and 3% lignin [63] . A typical assay mixture consisted of 1 ml reaction (50 mM acetate buffer pH 5.0, 12 mM CaCl 2 , 2 mM EDTA, 40 g/l hypochlorite pretreated wheat straw) containing 5 nM of concentrated supernatant fluids (using Amicon centrifugal filters (Millipore, Molsheim, France)) or washed cells (in TBS containing 1% Triton X-100), and reactions were incubated for 24 hours at 37°C. Similarly, kinetics studies were conducted and the reactions were incubated for 3, 6, 24, 48, 72 and 96 hours.
Stability assay
The stability of each enzyme at 37°C was determined by incubating the enzyme (at 3 nM) without substrate over a 24-hours period, either at 4 or 37°C. The residual cellulase activity was calculated as the relative enzymatic activity of the enzyme incubated at 37°C compared to that of the enzyme incubated at 4°C, on PASC for a period of 18 hours at 37°C as described above. Similarly, the residual xylanase activity was calculated as the relative enzymatic activity of the enzyme incubated at 37°C compared to that of the enzyme incubated at 4°C, on beechwood xylan for a period of 2 hours at 37°C as described above.
Sugar analysis
The sugars produced by designer cellulosomes, secreting or anchoring consortium were analyzed over time (24, 48, 72 and 96 hours) by HPLC (Agilent Technology 1260 Infinity with refractive index detector (Agilent Technology, California, United States)). The column (Aminex HPX-87H 300/7.8 mm (Bio-Rad, Hercules CA, United States) was eluted with 5 mM sulfuric acid, at 45°C and with a 0.6 ml/min flow. Calibration curves (0 to 30 mM of either glucose, cellobiose, cellotriose, xylose, xylobiose, xylotriose or arabinose) served to determine the amount of sugars.
Additional files
Additional file 1: Figure S1 . Quantification of secreted cellulase 6A-t by dot-blot and enzymatic activity using known concentrations of the recombinant protein produced in E. coli.
Additional file 2: Figure S2 . Quantification of secreted xylanase 11A-a by dot-blot and enzymatic activity using known concentrations of the recombinant protein produced in E. coli.
